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SUMMARY 


OBJECTIVES 

To  develop  an  effective  computational  method  to  analyze  the  dynamic  behavior  of  the 
shipboard  antenna  mast  assembly  when  subjected  to  the  shock  environment  caused  by  a  near- 
miss  underwater  explosion.  The  method  should  determine  whether  the  vertical  mast  of  the 
AS-3506A/SRS-1  Combat  Direction  Finder  (CDF)  antenna  assembly  (ADCOCK  Config¬ 
uration)  can  support  both  the  AS-3240/URN  Tactical  Air  Navigation  (TACAN)  antenna  and 
the  Joint  Tactical  Information  Distribution  System  (JTIDS)  antenna  under  the  worst 
environmental  condition  aboard  a  ship. 

RESULTS 

A  FORTRAN  computer  program  called  "MASTY"  was  developed  to  analyze  the  shock 
and  vibration  responses  of  the  shipboard  antenna  mast  assembly,  which  can  be  treated  as  a 
vertical  cantilever  beam  having  continuously  distributed  mass  and  nonuniformly  distributed 
elasticity,  in  addition  to  carrying  point  masses.  A  two-part  analysis  procedure  is  implemented 
in  MASTY:  (1)  a  derivation  of  the  system's  equations  of  motion  based  on  the  well-known 
Rayleigh's  method  for  the  vibration  analysis  of  structures,  and  (2)  a  numerical  integration 
scheme  for  the  solution  to  the  equations  of  motion  using  Kutta-Merson's  fourth-order 
predictor-corrector  technique.  The  output  format  of  MASTY  is  tailored  so  that  the  time- 
histories  of  the  response  variables  and  their  shock  spectra  can  be  plotted  with  the  personal 
computer  code  YADAP. 

Two  CDF  antenna  mast  arrangements,  the  one  with  TACAN  antenna  alone  on  top  of  the 
mast  and  the  other  with  both  TACAN  and  JTIDS  antennas,  were  analyzed  with  MASTY.  The 
maximum  responses  of  the  two  arrangements  subjected  to  an  8-g/4-Hz  idealized  sinusoidal 
athwartship  shock  at  the  base  of  the  pole  mast  (010  level),  on  top  of  which  the  CDF  antenna 
mast  assembly  is  mounted,  are  summarized  in  table  I.  The  response  variables  included  in  table 
I  are  lateral  displacement,  acceleration,  and  angular  rotation  at  the  center  of  gravity  of  the 
TACAN  antenna  and  shear  force,  bending  moment,  and  the  maximum  flexural  stress  reacted  at 
the  base  of  the  extender  tube,  which  is  considered  to  be  the  weakest  link  in  the  whole  mast. 


Table  I.  Summary  of  dynamic  responses  for  two  CDF  antenna  mast  arrangements. 


Antenna 

Arrangement 

Natural 

Frequency 

Athwartship 
Shock  Input 

Max  TACAN 
Response 

At  Base  of  Ext  Tube  Safety 
Shear  Moment  Stress  Margin 

Disp/ Accel/Rotation 

(lb) 

(in-lb) 

(psi) 

TACAN  Alone 

4.96  Hz 

8  g/4  Hz 

25.4"/51.5  g/11.4° 

7,393 

361,700 

69,709  -0.05 

TACAN/JTIDS 

3.25  Hz 

8  g/4  Hz 

46.0"/6I.l  g/19.6° 

14,819 

967,610 

186,473  -0.65 

CONCLUSION 

Table  I  indicates  that,  under  the  shipboard  shock  environment  considered,  the  modified 
Version- 1  CDF  antenna  mast  assembly  with  a  Version-2  extender  tube  (4.615-inch  outside 
diameter  (OD)  and  0.403-inch  thick)  is  barely  able  to  support  the  TACAN  antenna  alone.  It 
cannot  support  both  TACAN  and  JTIDS  antennas  in  combination  because  of  the  excessive 
bending  stress  developed  at  the  base  of  the  extender  tube  by  the  shipboard  shock. 

RECOMMENDATIONS 

A  parametric  study  is  performed  in  an  attempt  to  raise  the  fundamental  frequency  of  the 
system  (with  TACAN  and  JTIDS)  by  varying  the  thickness  and/or  the  OD  of  the  extender 
tube.  The  results  of  the  study  are  summarized  in  table  II.  Table  II  shows  that  replacing  the 
extender  tube  with  a  solid  rod  of  the  same  OD  can  raise  the  natural  frequency  of  the  system  by 
only  2.06%,  while  doubling  both  the  OD  and  the  thickness  of  the  extender  tube  by  only 
5.45%.  Obviously,  changing  the  design  of  the  extender  tube  alone  is  not  an  effective  means  of 
raising  the  natural  frequency  of  the  system.  Better  weight  and  stiffness  distributions  of  the 
whole  mast  are  required.  The  most  effective  way  would  be  to  perform  a  design  optimization 
for  the  entire  antenna  mast  assembly  to  airive  at  a  minimum  weight  design  that  meets  a  lower 
bound  constraint  on  the  fundamental  frequency.  This  goal  can  be  achieved  via  the  "optimality 
criteria  approach."  In  the  optimality  criteria  approach,  a  criterion  related  to  the  behavior  of 
the  structure,  such  as  the  fundamental  frequency  in  this  case,  is  derived,  and  the  premise  is 
that  when  the  structure  is  sized  to  satisfy  this  criterion,  the  merit  function  (structural  weight) 
automatically  attains  an  optimal  value.  This  approach  is  strongly  recommended  here. 


Table  II.  Sensitivity  of  the  system's  fundamental  frequency 
to  a  design  change  in  the  extender  tube. 


Design 

Variation 

OD/Thk 

(in/in) 

Wt 

(lb) 

EI/L^ 

(Ib/in) 

System's 
Freq  (Hz) 

Percent 

Increase 

Current  Design 

4.615/0.403 

WSSM 

6.486 

3.247 

■H 

Solid  Rod 

4.615/2.307 

m 

12.102 

3.314 

Double  OD  &  Thk 

9.230/0.806 

64.14 

103.776 

3.424 

The  computer  program  MASTY  developed  for  this  study  has  provided  an  effective  tool  to 
analyze  the  dynamic  behavior  of  the  antenna  mast  assembly  when  subjected  to  shipboard 
shock.  The  current  version  of  MASTY,  however,  can  analyze  the  dynamic  behavior  of  the 
mast  in  the  athwartship  direction  (y-direction)  only.  It  can  be  expanded  to  analyze  the 
responses  in  the  other  two  directions,  i.e.,  the  forward  (x-direction)  and  the  vertical  (z- 
direction)  motions. 
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SCOPE  OF  THE  WORK 


The  purpose  of  this  work  is  to  analytically  determine  whether  the  vertical  mast  of  the 
AS-3506A/SRS-1  Combat  Direction  Finder  (CDF)  antenna  assembly  (ADCOCK  Config¬ 
uration)  can  support  both  the  AS-3240/URN  Tactical  Air  Navigation  (TACAN)  antenna  and 
the  Joint  Tactical  Information  Distribution  System  (JTIDS)  antenna  under  the  worst 
environmental  condition  aboard  a  ship.  A  FORTRAN  computer  program  called  MASTY  has 
been  developed  by  Code  813  to  analyze  the  transient  response  of  the  antenna  mast  assembly 
subjected  to  the  base  motion  caused  by  a  near-miss  underwater  explosion,  which  is  considered 
to  be  the  cause  of  the  worst-case  shipboard  shock.  A  two-part  analysis  procedure  is 
implemented  in  MASTY;  (1)  a  derivation  of  the  system's  equations  of  motion  based  on  the 
well-known  Rayleigh's  method  (reference  1)  for  the  vibration  analysis  of  structures,  and  (2)  a 
numerical  integration  scheme  for  the  solution  to  the  equations  of  motion  using  Kutta-Merson's 
fourth-order  predictor-corrector  technique  (reference  2).  MASTY  is  dedicated  to  providing  an 
efficient  and  accurate  means  of  analyzing  the  shock  and  vibration  responses  of  the  shipboard 
antenna  mast  assembly,  which  can  be  treated  as  a  vertical  cantilever  beam  having  continuously 
distributed  mass  and  nonuniformly  distributed  elasticity,  in  addition  to  carrying  point  masses. 

INTRODUCTION 

As  shown  in  figure  1,  the  CDF  antenna  assembly  is  mounted  on  top  of  a  14-degree  tilted 
pole  mast,  which  has  a  squared  tubular  section  and  a  uniform  wall  thickness  and  carries  three 
UHF  antennas.  The  vertical  mast  of  the  CDF  antenna  assembly  is  composed  of  several  tubular 
segments  with  different  cross  sections.  The  lower  portion  of  the  vertical  mast  is  a  short 
circular  section  with  a  constant  outside  diameter  (OD)  and  a  uniform  wall  thickness,  except  for 
the  base  flange,  which  has  a  larger  OD  for  mounting  to  the  pole  mast.  The  remaining  portion 
of  the  vertical  mast  is  made  of  a  long  slender  tubing  that  tapers  slightly  from  the  lower  po’’fion 
where  the  CDF  antenna  is  mounted  toward  the  upper  one-third  of  the  mast  and  has  nonuniform 
wall  thickness.  The  upper  one-third  of  the  vertical  mast,  which  supports  an  array  of  dipole 
antennas,  is  of  uniform  cross  section  and  has  a  wider  flange  at  the  top.  The  vertical  mast  is 
joined  by  an  even  more  slender  tubing  on  which  a  TACAN  antenna  assembly  or  JTIDS  and 
TACAN  antennas  in  series  are  mounted.  However,  uncertainty  arises  as  to  whether  the 
current  vertical  mast  design  can  support  both  JTIDS  and  TACAN  antennas  under  the  worst 
shipboard  shock  environment  (a  near-miss  underwater  explosion). 

A  commercial  finite  element  analysis  (FEA)  program  such  as  ABAQUS  ,  which  is 
available  on  the  Center-owned  minisupercomputer  STINGRAY,  could  have  been  used  to 
analyze  the  ship-shock  response  for  this  type  of  structure.  But,  in  order  to  maintain  self- 
sufficiency  and  a  high  level  of  efficiency  in  repeated  applications,  a  FORTRAN  computer 
program  was  developed,  which  is  dedicated  to  analyzing  the  dynamic  behavior  of  this  partially 
tapered  cantilever  beam  having  nonuniformly  distributed  elasticity  and  carrying  point  masses. 


*  ABAQUS  is  an  FEA  computer  code  that  is  a  registered  trademark  of  Hibbitt,  Karlsson  &  Sorensen,  Inc. 


1 


Figure  1.  AS-3506A/SRS-1  CDF  antenna  assembly  with 
TACAN  and  JTIDS  antennas  installed. 
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The  analysis  procedures  implemented  in  this  program  are  described  in  the  next  section. 

The  analysis  results,  which  include  time-history  plots  of  the  response  variables  and  their  shock 
spectrum  analyses  using  a  Personal  Computer  (PC)  code  YADAP  (reference  3),  conclusions, 
discussions,  and  recommendations  are  presented  in  the  subsequent  sections. 

ANALYSIS  PROCEDURES 

The  analysis  procedures  implemented  in  MASTY  consist  of  two  parts;  (1)  a  derivation  of 
the  system's  equations  of  motion  and  fundamental  frequency  using  Rayleigh's  method,  which 
models  the  antenna  mast  as  a  single-degree-of-freedom  (SDOF)  system  through  the  use  of  an 
assumed  displacement  shape  compatible  with  the  support  condition  of  the  mast,  and  (2)  a 
numerical  integration  scheme  for  the  solution  to  the  equations  of  motion  using  Kutta-Merson's 
fourth-order  predictor-corrector  technique.  These  procedures  are  described  next. 

RAYLEIGH'S  METHOD 

Theoretically,  a  continuous  beam  has  an  infinite  number  of  degrees  of  freedom,  and  thus 
can  displace  in  an  infinite  variety  of  displacement  patterns  during  vibration.  To  apply 
Rayleigh's  procedure,  it  is  necessary  to  assume  the  shape  that  the  beam  will  take  in  its 
fundamental  mode  of  vibration.  This  assumption  effectively  reduces  a  continuous  beam  to  an 
SDOF  system  that  may  deflect  only  in  its  fundamental  mode.  This  assumption  is  acceptable 
for  the  shock  and  vibration  analysis  of  the  shipboard  antenna  mast,  since  the  underwater 
explosion  shock  accentuates  some  frequency  components  and  surpresses  others  when 
propagating  through  a  structural  path  of  the  ship's  hull,  the  deck,  the  superstructure,  and  the 
main  mast  before  reaching  the  base  of  the  pole  mast  (010  level).  The  motion  data  taken  at  the 
base  of  the  pole  mast  during  the  CG-53  shock  trials  indicated  that  the  athwart  component 
(y-direction)  of  the  motion  was  about  4  to  6  Hz  and  8  to  12  g.  This  low-frequency  motion  is 
unlikely  to  excite  any  higher  vibration  mode  of  the  CDF  mast  than  its  fundamental  mode. 
Rayleigh's  method  is  formulated  as  follows; 

Consider  an  antenna  mast,  which  has  a  flexural  stiffness  distribution  EI(x)  and  a  mass  per 
unit  length  distribution  m(x)  and  carries  point  masses  Mj,  is  subjected  to  the  base  motion  Vg(t) 
as  shown  in  figure  2.  To  approximate  the  motion  of  this  system  with  an  SDOF,  it  is  necessary 
to  assume  that  it  may  deflect  only  in  a  single  shape.  Thus,  the  motion  at  any  point  on  the  mast 
can  be  written  as 

v(x,t)=  P(x)Z(t)  (1) 

in  which  P(x)  is  the  shape  function  and  Z(t)  is  the  generalized  coordinate  representing  the 
amplitude  of  the  motion.  Typically  the  generalized  coordinate  is  selected  as  the  displacement 
of  some  convenient  reference  point  in  the  system,  such  as  the  displacement  at  the  tip  of  the 
mast.  The  equations  of  motion  of  this  generalized  system  can  be  derived  by  the  principle  of 
conservation  of  energy  (Hamilton's  principle),  which  states  that  the  variation  of  the  kinetic 
energy  (T)  and  potential  energy  (V)  plus  the  variation  of  the  work  done  by  the  nonconservative 
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forces  (Wnc)  acting  on  the  system,  including  damping  and  any  arbitrary  loads,  dunng  any  time 
interval  tj  to  t2  must  equal  zero,  i.e.. 


V)dt  +  j^Wncdt  =  0 


The  kinetic  energy  of  the  vibrating  mast  shown  in  figure  2  is  given  by 


T  =  I/2J  m(x)[v,(x,t)]^  dx  +  1/2  iMjfVi)'' 


in  which  v,  =  dvj/dt  represents  the  velocity  vector  of  the  total  displacement  relative  to  the 
reference  axis,  i.e.,  v,  =  v  +  Vg,  and  vj  represents  the  velocity  at  point  mass  Mj.  The 
potential  energy  for  the  flexural  deformation  of  the  mast  is  given  by 


=  1/2 |'^EI(x)[v"(x,t)]2  dx 


in  which  v"  represents  d^/dx^.  In  the  system  of  figure  2,  there  are  no  directly  applied 
dynamic  loads,  and  damping  has  been  neglected;  thus  there  are  no  nonconservative  forces  to 
be  considered  in  Eq.  (2).  Now  noting  the  relationships 

=  V  +  Vg  V"  =  p"Z  v*  =  P’Z  V  =  PZ 


5v,  =  6v 


5v"  =  P“<5Z  av'=P’5Z  <5v  =  P5Z 


and  substituting  Eqs.  (3)  and  (4)  into  (2),  performing  the  indicated  variations  and  integrating 
the  first  two  terms  by  parts  leads  to 

^  Z(i) 

I  [  *[m*Z  +  k*Z  -  p*(t)] dm  =  0  (: 


y'ix.l)  I  / 

H/ 


5'  I  / 
S  '"(■*)  I  / 

£  £/(jr)  I 


in  which  ~  J  m(x)P^dx  +  iMjCPj)^ 
k*  =  j'^EI(x)(P")2dx 


=  -Vg(t)[ 


m(x)Pdx  +  2Mi(Pi)]  (6c) 


are  generalized  mass,  generalized  stiffness,  and  generalized 
effective  load,  respectively.  But  since  the  variation  Z  is 
—  arbitrary,  the  term  in  brackets  of  Eq.  (5)  must  vanish; 
hence  the  equation  of  motion  of  the  generalized  system 
finally  may  be  written 


Figure  2.  Antenna  mast  treated 
as  an  SDOF  system. 


m  Z(t)  +  k  Z(t)  =  p  (t) 
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(7) 


from  which  the  natural  frequency  of  the  vibrating  mast  can  be  obtained 


fi  =  (1/6.2832)  Jk*/m*  (8) 

NUMERICAL  SOLUTION  TECHNIQUE 

The  second-order  ordinary  differential  equation  given  by  Eq.  (7),  which  governs  the 
dynamics  of  the  amplitude  Z(t)  of  the  vibrating  mast  excited  by  the  base  acceleration  Vg(t) 
given  by  Eq.  (6),  can  be  solved  numerically  with  the  Differential  Equation  Solver  (DEQS) 
implemented  in  MASTY,  DEQS  (reference  4)  is  an  explicit  numerical  integration  routine 
using  Kutta-Merson's  fouth-order  predictor-corrector  technique.  The  technique  has  been  used 
successfully  in  analyzing  the  shipboard  shock  simulation  tests  for  the  nosecaps  of  Vertical 
Launch  ASROC  (reference  b).  The  solution  process  of  DEQS  begins  with  reducing  each  of 
the  two  second-order  differential  equations,  Eqs.  (6)  and  (7),  into  two  first-order  equations  in 
terms  of  the  state  vectors  Z(i),  i  =1  to  4,  which  represent  the  displacements  and  velocities  at 


the  base  and  at  the  tip  of  the  mast  such  that 

at  the  base 

dZ(l)/dt  =  Z(2)  and 

dZ(2)/dt  =  Vg(t) 

(9) 

and  at  the  tip 

dZ(3)/dt  =  Z(4)  and 

dZ(4)/dt  =  [p*(t)  -  k'*Z(t)]/m* 

(10) 

The  four  first-order  equations  in  Eqs.  (9)  and  (10)  are  then  integrated  numerically,  given  the 
initial  conditions  for  the  state  vectors  Z(i),  i  =  1  to  4,  and  an  initial  integration  time  step. 

A  time-step  optimization  scheme  is  implemented  in  DEQS  to  effectively  adjust  the  step- 
size  within  a  step  for  convergence,  as  well  as  to  reduce  the  total  number  of  integration  steps  in 
the  analysis.  When  a  solution  does  not  converge  for  a  prescribed  error-bound  in  a  step,  the 
initial  step-size  is  halved  and  the  process  is  repeated,  up  to  eight  times  if  necessary,  until  the 
convergence  criterion  is  satisfied.  Once  the  solution  converges,  a  second  test  is  checked  to 
determine  if  the  step-size  can  be  doubled  for  the  next  step.  This  scheme  would  effectively 
result  in  a  time-history  solution  with  variable  time-steps. 

SELECTION  OF  DISPLACEMENT  SHAPE  FUNCTION 

The  vibrating  frequency  of  an  SDOF  system  is  known  to  have  a  controlling  influence  on 
its  dynamic  behavior.  In  addition,  it  is  obvious  by  inspecting  Eqs.  (6a)  to  (6c)  and  Eq.  (7) 
that  the  accuracy  of  the  vibrating  frequency  obtained  by  Rayleigh's  method  depends  entirely  on 
the  shape  function  P(x),  which  is  assumed  to  represent  the  vibration-mode  shape.  In  principal, 
any  shape  that  satisfies  the  geometric  boundary  conditions  of  the  beam  may  be  selected. 
However,  any  shape  other  than  the  true  vibration  shape  would  require  the  action  of  additional 
constraints  to  maintain  equilibrium;  these  extra  constraints  would  stiffen  the  system,  and  thus 
would  cause  an  increase  in  the  computed  frequency.  Consequently,  it  may  be  recognized  that 
the  true  vibration  shape  will  yield  the  lowest  frequency  obtainable  by  Rayleigh's  method.  But, 


since  the  true  vibration  shape  of  the  CDF  mast  is  not  known  a  priori,  a  close  approximation 
must  be  made.  The  CDF  antenna  mast  resembles  a  vertical  cantilever  beam  carrying  a  point 
mass  at  its  free-end;  therefore,  the  deflection  shape  of  a  uniform  cantilever  beam  carrying  a 
point  mass  at  its  free-end  was  chosen  as  the  first  approximation  to  the  true  vibration  shape  of 
the  CDF  antenna  mast  arrangement  shown  in  figure  1.  This  shape  function,  which  was 
normalized  by  its  tip  amplitude,  is  given  by 

P(x)  =  (x/L)2(3/2 -X/2L)  (11) 

in  which  L  represents  the  length  of  the  mast,  from  the  010  level  up  to  the  tip  of  the  task  lamp. 

Although  the  shape  function  given  by  Eq.  (11)  will  render  a  sufficiently  accurate  vibration 
frequency  for  a  uniform  beam,  it  is  not  the  true  mode  shape  of  the  antenna  mast  that  features 
segmented,  partially  tapered  sections  and  carries  several  point  masses.  An  improved 
procedure  is  necessary  to  account  for  these  variations.  Reference  1  suggested  that  using  the 
deflection  curve  of  the  beam  resulting  from  the  static  application  of  its  own  weight  and  the 
point  masses  as  the  mode  shape  will  yield  extremely  accurate  frequency  in  Rayleigh's 
procedure.  This  improved  Rayleigh's  method  is  implemented  in  MASTY  as  follows: 

Consider  the  elementary  theory  of  a  beam  in  which  the  curvature  of  the  deflection  curve 
for  a  beam  subjected  to  the  bending  moment  distribution  M(x)  caused  by  its  own  weight  and 
the  point  masses  it  carries  can  be  written  in  terms  of  the  differential  equation 

d^yst(x)/dx^  =  -M(x)/El(x)  (12) 

in  which  yst(x)  represents  the  lateral  deflection  of  the  beam  at  a  point  x.  Eq.  (12)  can  be 
integrated  once  to  obtained  the  slope  of  the  deflection  curve  and  again  to  obtain  the  deflection 
curve,  subjected  to  the  following  boundary  conditions: 


dyst/dx  =0  at  X  =  0 
and  yst  =  0  at  X  =  0 


Therefore,  the  improved  shape  function,  which  is  normalized  by  the  tip  deflection  of  the  mast 
yo,  can  be  written  as 


P(x)  = 


[-M(x)/El(x)]dxdx 


(13) 


ANALYSIS  RESULTS 


The  validation  of  frequency  prediction  by  the  computer  program  MASTY  is  presented  first 
in  the  analysis  results.  The  dynamic  response  of  the  CDF  antenna  mast  assembly  subjected  to 
the  athwartship  motion  recorded  at  the  010  level  during  the  CG-53  shock  trials  is  presented 
next.  Two  CDF  antenna  arrangements  are  evaluated  for  shock  environment:  (1)  TACAN 
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antenna  alone  and  (2)  TACAN  and  JTIDS  antennas  in  combination.  The  response  histories  are 
plotted  and  shock  spectrum  analyses  are  performed  with  the  YADAP  code. 

VALIDATION  OF  FREQUENCY  PREDICTION  BY  MASTY 
First  Example  Problem 

Two  textbook  example  problems  are  presented  here  to  validate  Rayleigh's  procedure 
implemented  in  MASTY  to  compute  the  fundamental  frequency  of  a  vibrating  beam.  The  first 
example,  figure  3,  shows  a  5-inch  OD,  1-inch  thick,  and  250-inch  long  uniform  aluminum 
cantilever  beam  carrying  a  50-lb  point  mass  at  its  free-end.  The  fundamental  frequency  of  the 
system  is  given  by  the  close  form  solution  found  on  p.  34  of  reference  1 

f,  =  (l/6.2832)j3Elg//3[W  -h  (33/140)w/]  (14) 

in  which  w  is  the  weight  per  unit  length  of  the  beam  of  length  /,  W  is  the  point  mass,  and  g  is 
the  gravitational  acceleration,  i.e.,  g  =  386.4  inch/sec^.  Evaluating  the  flexural  stiffness  El 
for  the  aluminum  tubing  and  substituting  into  Eq.  (14),  the  fundamental  frequency  of  the 
system  is  found  to  be  fj  =2.0113  Hz. 


( 


y 

Figure  3.  A  uniform  cantilever  beam  carrying  a  point  mass  at  its  free-end. 

The  frequencies  computed  by  MASTY  using  the  shape  functions  given  by  Eqs.  (11)  and 
(13)  are  listed  in  table  1  to  compare  them  with  the  close  form  solution  given  by  Eq.  (14). 

Table  1 .  Comparison  of  computed  frequency  with  close  form  solution  for  the  first  example. 


Shape  Function 

Computed  Freq. 

Close  Form  Soln. 

Percent  Error 

Eq.  (11) 

2.0071  Hz 

2.0113  Hz 

0.208  % 

Eq.  (13) 

2.0025  Hz 

2.0113  Hz 

0.437  % 

As  can  be  seen  in  table  1 ,  the  natural  frequencies  of  the  system  predicted  by  the  two  shape 
functions  are  very  close,  and  they  are  both  within  1%  of  the  exact  solution  given  by  Eq.  (14). 
That  the  results  shown  in  table  1  are  very  accurate  is  of  no  surprise  because  the  shape  function 
used  in  MASTY,  i.e.,  Eq.(l  1),  is  the  exact  deflection  shape  for  the  problem  considered.  The 
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small  discrepency  here  can  be  attributed  to  the  error  in  the  numerical  integration  of  the 
generalized  properties  given  by  Eqs.  (6a)  and  (6b).  The  effect  of  the  improved  shape  function 
Eq.  (13),  which  was  not  realized  in  this  problem,  will  be  demonstrated  in  the  next  example. 

Second  Example  Problem 

The  second  example  involves  the  free  vibration  of  a  tapered  beam  fixed  at  one  end,  as 
shown  in  figure  4.  The  beam  has  a  unit  width,  a  length  /  and  a  depth  of  2b  at  the  fixed  end. 
The  exact  solution,  which  can  be  found  on  p.  467  of  reference  1,  is 

fi  =  (5.3156/6.2832/2)  jE/(3r)  (15) 

in  which  E  is  the  Young's  modulus,  and  r  is  the  mass  density. 


Figure  4.  A  tapered  cantilever  beam  of  unit  width. 


Let  /  =  30.4  inches  b  =  1  inch 

E  =  10  X  10^  psi  r  =  0.2588  x  10"^  Ib-sec^/in^ 

and  the  natural  frequency  of  the  tapered  beam  is  fi  =  103.88  Hz. 

The  frequencies  computed  by  MASTY  using  the  first  approximation  and  the  improved 
shape  function  are  compared  with  the  exact  solution  and  are  given  in  table  2. 

Table  2.  Comparison  of  computed  frequency  with  close  form  solution  for  the  second  example. 


Shape  Function 

Computed  Freq. 

Close  Form  Soln. 

Percent  Error 

Eq.  (11) 

113.71  Hz 

103.88  Hz 

9.45  % 

Eq.  (13) 

106.06  Hz 

103.88  Hz 

2.10  % 

As  shown  in  table  2,  using  the  deflection  shape  of  the  uniform  beam,  Eq.  (1 1),  to 
approximate  the  mode  shape  of  the  tapered  beam  would  result  in  a  9.45%  error  in  the  natural 
frequency  prediction  for  this  example.  Table  2  also  shows  that  the  calculated  frequency 
improves  dramatically  with  the  use  of  the  improved  shape  function  Eq.  (13),  which  is  the  static 
deflection  curve  of  the  beam  derived  in  the  program  that  was  based  upon  the  actual  weight  and 
stiffness  distributions  of  the  beam. 
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It  can  be  concluded  that,  in  order  to  improve  the  accuracy  in  the  natural  frequency 
prediction  and  in  the  follow-on  response  calculation  for  the  antenna  mast  subjected  to  base 
motion,  the  static  deflection  curve  of  the  mast  due  to  its  own  weight  and  the  attached  masses  it 
carries  shall  be  derived  and  used  as  the  mode  shape  of  vibration. 

DYNAMIC  RESPONSE  OF  THE  CDF  ANTENNA  MAST  TO  BASE  MOTION 

The  Antenna  Mast  Models 

The  cantilever  beam  model  of  the  antenna  mast  assembly  programmed  in  MAST>' 
includes  four  segments  of  antenna  mast  above  the  010  level.  They  are  the  pole  mast 
vertical  CDF  mast,  the  extender  tube,  and  the  task  lamp  assembly,  as  shown  in  figure 
Except  for  the  CDF  vertical  mast  that  has  nonuniform  cross  sections,  all  others  are  of  uniform 
cross  sections.  Since  the  only  drawings  available  at  the  time  when  this  analysis  was  performed 
were  the  outline  and  installation  drawings  for  the  CDF  and  TACAN  antennas  (references  6  and 
7,  respectively),  the  key  dimensions  of  the  vertical  mast,  such  as  the  ODs  and  wall  thick¬ 
nesses,  were  not  available.  These  dimensions  were  obtained  using  the  ultrasonic  measuremen 
of  a  Version-1  CDF  vertical  mast  for  a  DDG  72  mast  mock-up  of  the  010  level  and  above, 
which  was  being  tested  at  the  antenna  range  at  NRaD.  The  measurements  were  conducted  by 
Code  815,  and  the  results  were  reported  in  reference  8.  These  measured  data  were  used  in  the 
analysis  in  lieu  of  the  dimensions  given  by  the  engineering  drawings.  Figure  5  shows  the 
cross  section  view  of  the  CDF  vertical  mast  model  constructed  with  the  measured  data. 

The  antenna  assemblies,  including  three  UHFs  on  the  pole  mast,  the  CDF  and  the  dipole 
antennas  on  the  vertical  mast,  and  the  TACAN  and  the  JTIDS  atop  the  task  lamp,  are  modeled 
as  lumped  masses,  and  they  are  attached  to  their  respective  center  of  gravity  (CG)  locations  on 
the  mast.  Contrary  to  the  flexible  mast  segments,  rigid  connections  are  assumed  between  the 
TACAN  and  the  JTIDS  and  between  the  JTIDS  and  the  task  lamp.  The  two  heat  sinks  on  the 
CDF  vertical  mast  are  also  modeled  as  lumped  masses.  Two  antenna  mast  models  are  created, 
the  one  with  TACAN  antenna  only  atop  the  task  lamp  and  the  other  with  TACAN  and  JTIDS 
antennas  in  series.  The  models  are  fixed  at  the  base  of  the  pole  mast,  at  which  the  base- 
motion  induced  by  a  near-miss  underwater  explosion  is  to  be  applied. 

Idealized  Ship  Shock  Input 

An  idealized  shock  input  that  simulates  the  athwartship  component  (y-direction)  of  the 
shock  response  data  recorded  at  the  010  level  during  a  CG  53  shock  trial  is  given  in  figure  6a. 
As  shown,  the  4-Hz  sinusoidal  motion  has  an  amplitude  of  8  g,  and  the  motion  maintains  its 
full  amplitude  for  1  second  (4  cycles)  before  diminishing  to  zero  in  about  3  seconds.  This 
idealization  is  based  on  a  description  of  shipboard  shock  in  a  Naval  Research  Laboratory 
technical  report  (reference  9),  which  states  that  a  typical  acceleration  waveform  found  in 
shipboard  shock  would  remain  significant  for  about  1  second.  Figure  6b  shows  the  shock 
spectrum  of  the  input  motion. 
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Mast 

Location 

Z-axis 

(in) 

OD 

(in) 

Thickness 

(in) 

11 

84.0 

5.093 

0.734 

10 

71.0 

5.093 

0.734 

9 

57.5 

7.202 

0.477 

8 

43.5 

7.202 

0.468 

7 

40.5 

7.480 

0.599 

6 

19.0 

8.753 

0.614 

5 

16.0 

8.753 

0.614 

4 

13.75 

13.528 

0.795 

3 

1.0 

13.528 

0.795 

2 

1.0 

17.189 

2.376 

1 

0.0 

17.189 

2.376 

Figure  5.  Longitudinal  section  of  the  CDF  antenna  mast  model. 


10 


Max  Accel  Csr> 


o.'o'  ’  b.'s'  '  i.o  1.5  2.0  2.5  3.0 

TiMe  Csec> 


Figure  6a.  Idealized  acceleration  waveform  of  shipboard  shock  at  the  010  level. 


Figure  6b.  Shock  spectrum  of  the  idealized  acceleration  waveform. 
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Output  of  MASTY  Computer  Runs 

The  output  of  MASTY  computer  runs  for  the  two  CDF  antenna  mast  models  subjected  to 
the  base  motion  shown  in  figure  6a  are  listed  in  appendices  A  and  B,  respectively.  Part  I  of 
the  output  tabulates  the  physical  properties  of  the  antenna  mast  components,  including  the 
weights  of  the  antennas  and  the  heat  sink  units,  their  CG  locations  on  the  mast,  and  the  lengths 
and  flexural  stiffnesses  of  the  mast  segments.  The  rotary  inertia  o^  the  components,  which 
were  accounted  for  in  the  formulation,  were  ignored  in  the  current  analyses.  Part  I  also  lists 
the  input  data  for  the  ODs  and  thicknesses  at  several  discrete  locations  on  the  CDF  vertical 
mast  to  define  its  variable  cross  sections.  Note  that  these  locations,  which  are  marked  on  the 
vertical  mast  model  shown  in  figure  5,  correspond  to  the  locations  where  the  ultrasonic 
measurements  of  a  CDF  vertical  mast  mock-up  were  taken  and  that  the  computer  program  was 
written  so  that  the  ODs  and  the  thicknesses  vary  linearly  between  any  two  discrete  points.  This 
permits  the  tapered  beams  to  be  modeled  precisely  in  the  program. 

Part  II  lists  the  material  properties  of  the  antenna  mast  segments,  including  Young's 
moduli,  Poisson's  ratios,  densities,  yield,  and  and  ultimate  strengths  of  the  material.  The 
section  moduli  of  the  mast  segments,  including  those  at  the  base  of  the  CDF  mast,  are  also 
listed  in  Part  II. 

Part  III  shows  the  generalized  properties  and  the  fundamental  frequency  of  the  idealized 
SDOF  antenna  mast  system  that  were  computed  using  the  static  deflection  curve  of  the  mast 
due  to  its  own  weight  and  attached  masses  it  carries  as  the  mode  shape.  The  contributions  to 
the  generalized  mass  by  the  distributed  structural  mass,  the  point  mass,  and  the  rotary  inertia 
are  also  given  in  Part  III. 

Part  IV  lists  the  initial  and  final  integration  information  on  the  step-size  and  the  local 
truncation  error  of  the  predicted  state  vector,  which  is  used  in  the  program  as  a  measure  to 
vary  the  step-size  in  the  variable-stepped  numerical  integration  procedure.  Messages  will  be 
given  here  if  the  integration  fails  to  converge  in  a  step  when  (1)  the  number  of  times  the  step- 
size  is  halved  to  repeat  the  integration  exceeds  eight,  or  (2)  the  last  halved  step-size  exceeds 
the  pre-specified  allowable  minimum.  This  information  will  provide  clues  to  either  loosen  the 
error-bound  for  convergence  or  increase  the  number  of  consecutive  times  the  step-size  can  be 
halved  before  repeating  the  time  integration.  Note  that  a  looser  error-bound  will  result  in  a 
less  accurate  numerical  solution. 

Part  V  tabulates  the  maximum  and  minimum  values  of  the  selected  dynamic  response 
variables  at  the  specific  locations  on  the  mast.  The  response  variables  listed  in  Part  V  include 
the  translational  and  rotational  displacements  and  accelerations  at  the  TAG  AN  and  JTIDS 
antennas,  which  undergo  maximum  motions  in  the  fundamental  mode.  Because  of  the  rigid 
connections  assumed  between  TACAN  and  JTIDS  and  between  JTIDS  and  the  tip  of  the  task 
lamp,  the  rotations  at  the  TACAN  and  JTIDS  are  identical  to  that  of  the  tip  of  the  task  lamp. 
The  motion-induced  shear  forces  and  bending  moments  along  the  length  of  the  mast  are  given 
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in  Part  VI,  including  those  at  the  bases  of  the  pole  mast,  the  CDF  mast,  and  the  extender  tube, 
which  is  considered  to  be  the  weakest  link  in  the  whole  mast.  The  maximum  and  minimum 
flexural  stresses,  which  occur  at  the  outmost  fibers  of  the  mast's  cross  sections  at  these  critical 
locations,  are  also  given  in  Part  IV.  The  entire  time-histories  of  the  response  variables  are 
saved  in  TAPE9  for  plotting  and  response  spectrum  analyses  with  YADA.^,  A  TAPE9  plot 
file,  with  response  variables  written  every  10  time  steps,  is  listed  in  appendix  C. 

Dynamic  Responses  of  the  CDF  Antenna  Mast  M'ithout  JTIDS 

Figures  7a  and  7b  show  plots  of  the  TACAN  antenna's  displacement-  and  acceleration¬ 
time  histories,  responding  to  the  8-g/4-Hz  athwartship  shock  for  the  CDF  antenna  mast 
without  the  JTIDS.  In  general,  a  forced  vibration  is  a  superposition  of  some  free  vibrations  of 
the  system  and  a  steady-state  vibration  maintained  by  the  disturbing  force.  Figure  7a  shows 
that  the  4-Hz  base  motion  forces  the  TACAN  antenna  to  oscillate  with  an  amplitude  that  rises, 
peaks,  and  falls  within  about  1  second.  The  peak  amplitudes  in  this  period  are  25.4-inch 
displacement,  51.5-g  acceleartion,  and  11.4®  rotation.  But,  the  motion  settles  down  to  a  free 
vibration  of  20  g  and  4.96  Hz  after  roughly  2.5  seconds  when  the  excitation  diminishes. 
However,  it  is  rather  difficult  to  visualize  the  content  of  the  two  frequencies  in  the  forced 
vibration  phase  of  the  time-history  plots  shown  in  figures  7a  and  7b.  The  response  shock 
spectrum  shown  in  figure  7c  serves  its  purpose  here  as  it  clearly  indicates  the  participation  of 
the  two  frequencies  in  the  forced  vibration  phase  of  the  response  motion  for  the  TACAN 
antenna.  During  this  phase,  the  shear  force  and  the  bending  moment  at  the  base  of  the 
extender  tube  reach  their  respective  maximum  values  of  -7,393  lb  and  -361,700  in-lb,  as 
shown  in  figures  8a  and  8b.  The  corresponding  flexural  stress  is  69,709  psi,  which  results  in  a 
margin  of  safety  (MS)  of  -0.053.  The  MS  is  defined  as 

MS  =  (ultimate  strength/max  stress)  -  1  (16) 

in  which  the  ultimate  strength  (ULT)  of  the  material  is  taken  to  be  the  same  as  that  under  a 
static  loading  condition,  i.e.,  ULT  =  66,000  psi  for  the  7075-T73  aluminum.  It  is  known  that 
the  tensile  strength  of  material  generally  increases  when  the  strain  rate  increases.  Therefore,  it 
is  conservative  to  assume  that  the  ULT  under  a  dynamic  loading  condition  is  the  same  as  that 
under  a  static  loading  condition.  The  maximum  flexural  stress  in  Eq.  (16)  is  obtained  by 
dividing  the  maximum  bending  moment  at  the  base  of  the  extender  tube  by  its  section  modulus 
given  in  appendix  A.  A  small  negative  MS  of -0.053  means  that  the  extender  tube  is  on  the 
borderline  of  being  able  to  sustain  the  shock.  The  maximum  bending  moment  at  the  base  of 
the  pole  mast  is  2,960,100  in-lb,  which  results  in  a  maximum  flexural  stress  of  33,336  psi  and 
a  safe  MS  of  0.98. 

It  is  interesting  to  point  out  that  had  the  full  amplitude  of  the  excitation  lasted  longer  than  1 
second,  say  2  seconds  as  shown  in  figure  9a,  the  rise  and  fall  motion  between  0  and  1  second 
shown  in  figures  7a  and  7b,  would  have  repeated  itself  before  settling  down  to  the  free 
vibration,  as  shown  in  figure  9b.  This  kind  of  vibration  that  builds  up  and  diminishes  in  a 
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regular  pattern  of  beats  is  known  as  "beating"  in  forced  vibration,  which  happens  when  the 
drive  frequency  is  close  to  the  natural  frequency  of  the  system,  as  is  the  case  here.  The  period 
of  "beating,"  which  depends  on  how  close  the  two  frequencies  are,  can  be  approximated  by  the 
equation 

Tb  =  l/(fn  -  0  =  1.042  second 

in  which  f^  and  f  are  the  natural  frequency  of  the  system  and  the  driving  frequency  of  the  base 
motion,  respectively.  This  period  of  beating  of  slightly  over  1  second  can  be  clearly  observed 
in  figure  9b. 


Figure  9a.  Idealized  input  acceleration  waveform  with  a  2-second 
duration  of  peak  amplitude. 


Figure  9b.  Displacement  history  of  TACAN  antenna  showing  a  "beating"  pattern 
during  the  forced  vibration  phase  of  the  response  motion. 
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Dynamic  Responses  of  the  CDF  Antenna  Mast  with  JTIDS 

With  both  TACAN  and  JTIDS  antennas  atop  the  CDF  mast,  the  natural  frequency  f  the 
system  reduces  from  4.96  Hz  to  3.25  Hz,  as  shown  in  appendix  B.  The  displacement-  and 
acceleration-time  histories  of  the  TACAN  antenna  are  plotted  in  figures  10a  and  10b, 
respectively,  while  the  time  histories  of  the  shear  force  and  bending  moment  at  the  base  of  the 
extender  tube  are  plotted  in  figures  1  la  and  I  lb,  respectively.  With  the  natural  frequency  of 
the  system  (3.25  Hz)  now  closer  to  the  4-Hz  drive  frequency  of  the  excitation  than  the  one 
with  TACAN  alone  (4.96  Hz),  the  system  vibrates  in  the  similar  "beating"  pattern,  but  with  a 
longer  period  (T|,  =  1.333  second)  and  greater  amplitudes  and  reacts  with  higher  internal 
loads.  The  maximum  responses  at  the  TACAN  are  46-inch  deflection,  61.1-g  acceleration, 
and  19.6°  rotation.  The  maximum  shear  force  and  bending  moment  at  the  base  of  the  extender 
tube  increase  to  -14,819  lb  and  -967,610  in-lb,  respectively.  The  maximum  flexural  stress  is 
186,480  psi,  which  is  high  above  the  ULT  of  the  material  and  results  in  a  high  negative  MS  of 
-0.65.  This  means  the  extender  tube  would  definitely  fail  under  such  a  high-stress  condition. 

Analysis  results  given  in  appendix  B  also  indicate  that  the  flexural  stresses  are  quite  high  at 
the  CDF  antenna  location  on  the  vertical  mast  and  at  the  base  of  the  pole  mast.  The  maximum 
stress  at  the  CDF  antenna  location  is  62,718  psi  for  a  marginal  MS  of  0.052,  while  the 
maximum  stress  at  the  base  of  the  pole  mast  is  56,490  psi  for  a  low  MS  of  0. 168.  These 
results  suggest  that  these  locations  are  vulnerable  to  potential  failure. 

Vibration  Mode  Shape  of  the  CDF  Antenna  Mast 

As  described  earlier,  in  order  to  improve  the  accuracy  of  the  vibration  analysis  using 
Rayleigh's  method,  the  static  deflection  curve  of  the  mast  due  to  its  own  weight  distribution 
and  the  attached  masses  it  carried  was  derived  in  MASTY  and  was  used  as  the  mode  shape  in 
lieu  of  the  first  approximation.  Recall  that  the  first  approximation  mode  shape  was  based  on 
the  deflection  shape  of  a  uniform  beam  carrying  an  end  mass.  To  ensure  that  the  improvement 
was  indeed  made  here,  the  natural  frequencies  of  the  antenna  mast  assembly  supporting 
TACAN  and  JTIDS  calculated  with  both  mode  shapes  (4. 13  Hz  with  the  first  approximation 
and  3.25  Hz  with  the  improved  mode  shape)  are  compared  with  the  prediction  made  in  a 
separate  finite  element  analysis  using  MSC/PAL-II  (3.19  Hz).  The  discrepencies  are 
-1-29.47%  for  the  former  and  -1-1.88%  for  the  latter.  The  improvement  made  by  the  improved 
mode  shape  over  the  first  approximation  is  quite  significant.  The  mode  shapes  for  both 
methods  are  plotted  in  figure  12,  and  they  show  that  the  first  approximation  mode  shape 
clearly  overestimates  the  flexural  stiffness  of  the  mast  as  it  bends  much  less  over  the  area  of 
the  mast  occupied  by  the  flexible  extender  tube  (222-inch  to  253-inch  station).  Note  that  both 
mode  shapes  are  normalized  by  the  amplitude  at  the  tip  of  the  task  lamp  (at  the  264-inch 
station).  Overestimation  of  the  flexural  stiffness  would  result  in  a  higher  natural  frequency 
prediction  for  the  antenna  mast,  as  indicated  in  figure  12. 


*  MSC/PAL-II  is  an  FEA  computer  code  that  is  the  registered  trademark  of  MacNeal/Schwendler  Corporation. 
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Figure  10a.  Displacement  history  of  TACan  antenna 
(with  JTIDS)  due  to  4-Hz  shipboard  shock. 


Figure  10b.  Acceleration  history  of  Tacan  antenna 
(with  JTIDS)  due  to  4-Hz  shipboard  shock. 


Figure  10c.  Response  spectrum  of  tacan  antenna 
(with  JTIDS)  due  to  4-Hz  shipboard  shock. 
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Figure  1  la.  Shear  force  history  at  base  of  extender  tube 
(with  JTIDS)  due  to  4-Hz  shipboard  shock. 
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Figure  1  lb.  Bending  moment  history  at  base  of  extender  tube 
(with  JTIDS)  due  to  4-H2  shipboard  shock. 
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Figure  12.  First  approximation  mode  shape  versus  improved  mode  shape. 

SUMMARY  AND  CONCLUSIONS 


The  envelopes  of  maximum  shear  force  and  bending  moment  distributions  for  the  two 
antenna  mast  arrangements  subjected  to  the  8-g/4-Hz  idealized  athwartship  shock,  are  given  in 
figures  13a  and  13b,  respectively.  As  shown,  the  extra  weight  at  the  tip  of  the  mast  and  a 
higher  resulting  motion  cause  the  mast  that  carries  both  TACAN  and  JTIDS  to  react  with 
higher  shear  forces  and  bending  moments  along  the  entire  length  of  the  mast.  As  a  result,  high 
stresses  are  encountered  at  several  critical  locations  on  the  mast,  including  the  base  of  the 
extender  tube,  which  is  considered  to  be  most  critical. 

Table  3  summarizes  the  dynamic  responses  of  the  two  antenna  mast  arrangements.  It 
indicates  that,  under  the  shipboard  shock  environment  considered,  the  modified  Version- 1 
CDF  antenna  mast  assembly  with  a  Version-2  extender  tube  (4.615-inch  OD  and  0.403-inch 
thick)  is  barely  able  to  support  the  TACAN  antenna  alone.  But,  it  cannot  support  both 
TACAN  and  JTIDS  antennas  in  combination  because  of  the  excessive  bending  stress  developed 
at  the  base  of  the  extender  tube  by  the  shipboard  shock. 


Table  3.  Summary  of  dynamic  responses  for  two  CDF  antenna  mast  arrangements. 


Antenna 

Natural 

Athwartship 

Max  TACAN 

At  Base  of  Ext  Tube 

Safety 

Arrangement  Frequency 

Shock  Input 

Response 

Shear 

Moment 

Stress 

Margin 

Disp/ Accel/Rotation 

(lb) 

(in-lb) 

(psi) 

TACAN  Alone 

4.96  Hz 

8  g/4  Hz 

25.4’751.5  g/11.4« 

7,393 

361,700 

69,709  -0.05 

TACAN/JTIDS 

3.25  Hz 

8  g/4  Hz 

46.0761.1  g/19.6° 

14,819 

967,610 

186,473  -0.65 
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Figure  13a.  Envelopes  of  maximum  shear  force  distributions 
for  two  antenna  mast  arrangements  due  to  4-Hz  shipboard  shock. 


Figure  13b.  Envelopes  of  maximum  bending  moment  distributions 
for  two  antenna  mast  arrangements  due  to  4-H2  shipboard  shock. 
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DISCUSSION  AND  RECOMMENDATIONS 

The  steady-state  response  for  the  forced  vibration  of  an  undamped  SDOF  system  subjected 
to  base  motion  can  be  generalized  in  figure  14.  Figure  14  plots  the  ratio  of  the  relative 
displacement  (yi-yo)  of  the  tip  mass  M  to  the  absolute  displacement  of  the  base  as  a 
function  of  the  forcing  frequency  to  natural  frequency  ratio  (f/fn).  Three  important  points  can 
be  made  about  figure  14: 


Figure  14.  A  single-degree-of-freedom  system  and  its  response  to  base  motion. 

1.  When  the  forcing  frequency  equals  to  the  natural  frequency  of  the  system,  i.e., 
f/fn  =  1,  resonance  occurs,  and  the  response  approaches  infinity. 

2.  In  the  region  f/fn<  0.6,  where  the  relative  displacement  is  small  and  proportional  to 
the  acceleration  of  the  base,  the  system  behaves  as  an  accelerometer  and  serves  as  the 
pickup  for  the  base  motion. 

3.  In  the  region  f/fn>  2,  where  the  relative  displacement  is  essentially  the  same  as  the 
absolute  displacement  of  the  base,  the  system  is  said  to  be  seismically  suspiended, 
which  means  the  system  is  on  a  soft  mount  and  can  be  whipping  at  the  same  amplitude 
as  the  base  motion. 

The  frequency  ratios  for  two  antenna  mast  models  analyzed  for  the  4-Hz  base  motion  are 
0.806  for  the  one  with  TACAN  alone  and  1.231  for  the  other  with  both  TACAN  and  JTIDS. 
They  are  plotted  in  figure  14,  which  shows  that  they  both  are  in  an  undesirable  region  of  being 
too  close  to  the  disastrous  resonance  condition.  Certainly,  strengthening  the  mast  to  raise  its 
natural  frequency  above  a  specific  vaiue,  be  it  4  Hz,  5  Hz  or  any  value  above,  is  a  solution  to 
the  problem.  One  may  argue  that  softening  the  mast  at  the  other  end  of  the  spectrum  may 
offer  a  solution  as  well.  But,  the  question  arises  as  to  whether  the  antennas  on  the  mast, 
especially  TACAN  and  JTIDS,  can  function  properly  or  withstand  the  high  inertia  loads  when 
the  soft  mast  begins  to  whip.  This  leaves  very  little  alternative  but  to  strengthen  the  mast. 


A  parametric  study  was  performed  in  an  attempt  to  raise  the  fundamental  frequency  of  the 
system  (with  TACAN  and  JTIDS)  by  varying  the  thickness  and/or  OD  of  the  extender  tube. 
The  results  of  the  study  are  summarized  in  table  4.  Table  4  shows  that  replacing  the  extender 
tube  with  a  solid  rod  of  the  same  OD  can  raise  the  natural  frequency  of  the  system  by  only 
2.06%,  while  doubling  both  the  OD  and  the  thickness  of  the  extender  tube  by  only  5.45%. 
Obviously,  changing  the  design  of  the  extender  tube  alone  is  not  an  effective  means  of  raising 
the  natural  frequency  of  the  system.  Better  weight  and  stiffness  distributions  of  the  whole  mast 
are  required.  The  most  effective  way  would  be  to  perform  a  design  optimization  for  the  entire 
antenna  mast  assembly  to  arrive  at  a  minimum  weight  design  that  meets  a  lower  bound 
constraint  on  the  fundamental  frequency.  This  goal  can  be  achieved  via  the  "optimality  criteria 
approach"  (reference  10)  or  by  a  "numerical  search  method"  (reference  1 1).  In  the  "optimality 
criteria  approach,"  a  criterion  related  to  the  behavior  of  the  structure,  such  as  the  fundamental 
frequency  in  this  case,  is  derived,  and  the  premise  is  that  when  the  structure  is  sized  to  satisfy 
this  criterion,  the  merit  function  (structural  weight)  automatically  attains  an  optimal  value. 

This  approach  is  strongly  recommended  here. 


Table  4.  Sensitivity  of  the  system's  fundamental  frequency 
to  a  design  change  in  the  extender  tube. 


Design 

Variation 

OD/Thk 

(in/in) 

Wt 

(lb) 

EI/L^ 

(Ib/in) 

System's 
Freq  (Hz) 

Percent 

Increase 

Current  Design 

4.615/0.403 

16.04 

6.486 

3.247 

Solid  Rod 

4.615/2.307 

50.30 

12.102 

3.314 

-1-2.06 

Double  OD  &  Thk 

9.230/0.806 

64.14 

103.776 

3.424 

-1-5.45 

The  computer  program  MASTY  developed  for  this  study  has  provided  an  effective  tool  to 
analyze  the  dynamic  behavior  of  the  antenna  mast  assembly  when  subjected  to  shipboard 
shock.  The  important  capabilities  implemented  in  the  program  are 

1.  the  capability  to  analyze  an  antenna  mast  that  is  composed  of  a  mixture  of  beam 
segments  with  different  types  of  cross  sections  (circular  or  rectangular,  straight  or 
tapered), 

2.  the  capability  to  provide  an  algorithm  to  derive  the  static  deflection  curve  of  the  mast 
based  on  its  actual  weight  distribution  and  the  attached  masses  it  carries,  and  use  this 
curve  as  the  mode  shape  to  derive  the  natural  frequency  of  the  system  very  accurately, 

3.  the  capability  to  provide  an  efficient  time-integration  routine  with  a  step-size  optimizer 
for  the  numerical  solution  to  the  system's  equations  of  motions,  and 
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4.  the  capability  to  provide  an  output  compatible  with  YADAP  code  so  that  the  time- 
histories  of  the  response  variables  and  their  shock  spectra  can  be  plotted  on  a  PC. 

A  simplified  flow  diagram  of  MASTY  is  depicted  in  figure  15.  The  current  version  of 
MASTY,  however,  can  analyze  the  dynamic  behavior  of  the  mast  in  the  athwartship  direction 
(y-direction)  only.  It  can  be  expanded  to  analyze  the  responses  in  the  other  two  directions, 
i.e.,  the  forward  (x-direction)  and  the  vertical  (z-direction)  motions. 


Figure  15.  A  simplified  flow  diagram  of  MASTY. 
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APPENDIX  A; 


COMPUTER  RUN  OUTPUT  FOR  CDF  ANTENNA 
MAST  ASSEMBLY  WITH  TACAN  ALONE 
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II.  MATERIAL  PROPERTIES  OF  ANTENNA  MAST  SEGMENTS 
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MAXIMA/MINIMA  OF  MOTION  HISTORIES  AT  SPECIFIC  LOCATIONS  ON  MAST 
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APPENDIX  C:  TIME-HISTORY  PLOT  FILE  FOR  CDF  ANTENNA 
MAST  ASSEMBLY  WITH  TACAN  AND  JTIDS 


C-1 


33550E+00  .37481E+01-.13686E+02  .33198E+04  .21676E+06  .41034E+04  .52250E+06  .44468E+04  .11237E+07  .67003E+01 


fH  rH  rH  O  »Hi— irSrHiHrHrHrHfHrHO*HrHfHf— IrHiHfHtHt-Hi— irHf— (t— it— 

oooooooooooooooooooooooooooooooooooooo 
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 

UUUUHUUUMUUUUUUUUUUUUblUUUUUUUUUUUUUUUU 
t~r'Or~t^oO(Nai<Tia>o'nvovo^n{MtsfMvDoomrooofor-r'fHrovDr'i-i{ria'<y><r>rovo 
rMinc<»^vo<-«a>t~a30'a>in(jio»HO'CNooror^ovor'VDOtNin(N»i'vOTHCTir^oo<^ooino> 
ovoa»ooo^^ornooro(j<CTi(NincNOfnoorMoor~r~t~oovo<^o<D^^orooonffia« 
^r'fl0OOff>tn00»O0'0)tHOv0a)O»-toi~cMrM00(r>inr^<tr'00OOaiui00vD0'00t-to 
inmtHrH<Ni*ii/ivor'-r't~r'y5't<Nff<<-i«n^vor'i^r~i~voinnrHt-tcNnin»or~r-r'r'vo 


I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

vovor-P'r'r^r~r-r'r'r'i^r~voinr'r'r'r'r't^t^f~r'r>-i~t~vOvor'r-r^r'r^r~t^r~r' 

oooooooooooooooooooooooooooooooooooooo 
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 

UblUUMHHHUUMEdMCdUUblUUUMUUMUUUHCdUUHUUUUUH 
roo'^moo(Ninvovoo«*>oooi~f~invoc4>flo»oot~voaiooroiniHinoon«a'or''-<^vo 

>oc»»o^^voooocMr'0'Of-i^moo'Minininin»S'Oc>4^rHa>^oorooo)a>invorMr-( 

C'irHf<i^r-vDoooor'CNin<riinr~o«H<NuicMOininaiconooooir)HO'^invOi/iO'vDr^ro 

HU)5i'c>io<»no'i-tiHa>^r'0'<Dc'jt-(fHOoo^t^oou}c'j^or~i^t~r^in>oincNr'cr>CTivo»-( 


I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

oooooooooooooooooooooooooooooooooooooo 

+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  4'  +  +  + 

UUHUHUUUUUHUMUUUUUUUMUUUUUUUUUUUUUUUUU 
cMO<-t^r<irocM\onOff><-<ooofosoinooa>rMOroa>0'OOr-(omi~(NO>HnocNOO 
f^(M«-ttMr^<Hu>r^r-(^a)^^r'0'^r~r'rororMrHt^^t^rNaii/)i/jmvOi/)(nror~i/i(T'ui 
cnoocMOOr'i-ir'ininuivootMOino^cMOtH^oocMirtc^roo'itt^vDr'i^ooooor'vD^n 
CNiHvoaorH<4'invovommfHt'0>oro^cMuii^coaioou>^r-iovooocoO'tvoaoa>0'oovo 


I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

vovo»t>r'r'r'r'r~r'r^t~r'vovoirtvovor-r»t~r't~r~i~r^i~tf>vOKO»x)i~t~t^t~r'r^r^t^ 
oooooooooooooooooooooooooooooooooooooo 
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 

HHHHUHUUUUHUUMMUHUUUUUUUUHHMUUHUHHUUUU 
r'a>r'r'CN{NO'r'f'iom<nvovovovoc'itNia>nroino'j'CMa>voooi~moor^c^O'tHvDf-t 
«*»m^foroooor'Ovoflor'inr-(<j\mfMO'cooOf-tr'nioa>'S'CMf^tNrM(riO'tt>ifNa>rMt-t 
jnvoo^oomin'a'^cNOCT>r^O'>-i^oOf-tr^^f-tinooa>ooa>oo'S'a'rocMinoo»-tc^or'CN 
^invoo>nvoaoaia<aQ«ArMOin^r-iff>^r'OCM(Mf-4aivorM(Mt-trH':rcMU>fficMcnrn>Ha> 


I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

oooooooooooooooooooooooooooooooooooooo 

+  +  4'  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  4-  +  +  + 

HUUUUHHUUUUMUUUMHHMUUUUUUUUUUUUUUUUUUH 
r-»oomfn<»)vovOf^O{Ncr><ao<nnr~vDovovoa>'^rM»oooo^infoir>int^ff>fnuimoo 
fHror'vovo<Nrna>n«j'riooi~vooinu)^i^oovo(N^i*iKor'^oor-tr~«a'vooor'^nvooo 
^riooa>oooin<N<NfnvOHCNOOinr'tHCT>omr'*-i'OtM>-tovo<Nnin(T>inn(si>-too 
cHO<H«-ion'*i'min^oio*-ivoo>or'rHcnvor»i~i~uirooin<»r-oovDt>jinr'OOoot~ir) 


I  i  I  I  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

tnv0^vOvOvOvOvOvOvOvOvOvOvOU1vOvOU>vOvDvOvOi£vOvovOvX>vOlOvOvOvOU>vCvOvOvOvO 

oooooooooooooooooooooooooooooooooooooo 
+  +  +  +  +  +  4’  +  +  +  +  +  +  +  +  +  *f  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 

UHHHblUUUUGaEdUUUUUHUUUUUUUUUUUUMUUUUUUUN 
r'r'Oooinfnvoo<-tc>io<H<H<r>ooc'iOr»oo^p''S‘(N'»a>o«Hcr(r'inovOoonot^cNO 
or')OCT>ooo<oooo'«n«*icNin^nfNa>t~o\r'nuivop'r~cNvorornnocoroor'a>no 
^o^05J•^^^r^^'^'00'^^~t^oovooo^ooor~ff>t^vI>lDl/1or»^^oo^ooO'a•^^oomc~^-^r' 
oor'rnr'oovoooinvonc~o>0'Hr-toon'S’<Hc*iorMOn^noorHoocN»-tvomoa\ 
«rHC'i^»nvor'00coi~vOinrirHrH«>i^mr'00a'a'0'Oor~mi*i>-(a<rom>ooo<yi(Tia>a't^ 

I  I  I  I  I  I  I  I  I  I  I  I  I  ’  '  ‘  . I  r  r  i'  r  r  r  r  I  r 

n^^^^inininininm^^^rn^^^  ui  4n  ininininin^^^Tj^^uiinminininin 

oooooooooooooooooooooooooooooooooooooo 
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 

UUHUHUUUUUUUUHUUUUHUUUUUUUUUUUUUUUUUMU 
<HO')'*Hvovoomr~cNOr'f*innooinrioi^ono^Of»ininor'Ui(^a<ooo'<H^'a 
\0CTiv0iH00riv0r'C>iOc>icNvDr^r'O*Ht^O>-tin^i^^r0r-<Nr'rMrMO00rHv0inr'OO 
ro<NO»nooinr^fnnvoc'i^vOt-tnooo'«-trooo<*ioovor'(N>eaia'CN>-i^voor~vooocN 
<NM)r-tvor'0<HCNCNHOC'ir'<r>mfNCNO»Hn^^r)CMOCNtN(rinr'ooor'j^'a''S'roc\ 
<HrH^VOOOrHT-<rirHf-(<-(OOintNrHf»JVOa>«-trHt-tt-(i-(i-lf-ICOl/)i-tr-(«Tr-t-liHrHi-«i-(t-(ri 


I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

fHtH(NCN(Nf'lCNCNCNtNtNCNCM(NOC>l<N<NCN<NC'ltNrM(MrMCMCM«-trHCMCN<NCMrM{NCNfNCN 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 

HHUUUHHUUHHUUUUUUUUUMUUUUUUUUUUUUMUUUM 
\o»oor'<H5roinooor>irHCNt~r'int~rorfoO'Hooi/)M)p'invoinoooovD(Nin^(~o 
r~inororonoot-<cNCNnooi^cNt~<Nnr'0'i«cNnr^r)TfrHo>rMrHvoO'roovD«a'ooocN 
OHrorotN^'j'Ooooo«-ta'r'Onmo'*Hi/i'oa<t-it-irHcNO'voro^'d'fMCNa>a>oo^cj>(*i 
oor't^r'«)rnootHOr'CNnrifNroninr'VDni~0'f^cM'»nrHCNt~CTir>inrHr'OOvoo 
nvo«HCM«*i^^inin^^mr'ji-(vOt-toiro^mi/iini/iir»Ta'nrMOOi/)rHn^ininvovouiin 

I  I  I  I  I  r  I  r  I  I  I  I  r  r  I . 

•HC'lCNCMCMCNCMCNOItNtNtNCNrHr-ICNCNtNCNWCNC'jrMCMCNrMCNiHiHCNCNtNCNCMCMCMrMrM 

oooooooooooooooooooooooooooooooooooooo 
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 

UUUHHUUUUHUHUUUHUHUUUHUUUUUHMUUUbLiUUUUH 
c*jooooroTj>rHvor~inoocNvo^a'a)CN^r'0>ffii/i(Nina>r'niintHvor)rMCN(nuitNOOcoa> 
r'lOoo^'S'irtoouivot-incNrHr'envoo^inr^nvotHvOrHvDOfOLOoocNCNino'Ovooin 
aocNmcMcoomcNO^i^voo\a>aoair'vo^()O^Orn^rN(r-<rM>-ii-<o^rM«or'r-it/>oo«orMm 
«Oi-iaotnouir~oovornoOr-(rna>rnro(NOvOfH^^rMOO(N^inf-ir-iin^cNaimmmmco 
niHrHr>inronnrot*icM<Nt-t^<tf<HCNnro^^^^r)ro(NiHminrHCNnr)<s'<d''i'^n 


I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

oooooooooooooooooooooooooooooooooooooo 
oooooooooooooooooooooooooooooooooooooo 
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 

UHHHfdNUUUHMHUHUUUUUUUHHUUUUUUHUUUUHUHH 
oooooooooooooooooooooooooooooooooooooo 

mkninmmmminmu)tninminmuiiomif)mmtnkninininir)knininmi/)inin(nu>inir) 

tntnmu>i/)i/)tnuiinu)mintnini/itntnminuii/)>/)inmminininininininLni/>inLninin 

^mvor'COO'0<-tc'iro^mvor'Ooa>o«-t<'»rjTrmvor^ooa>Oi-tcNn«!tir)vor'Ooa>Oi-H 

nn«*»rj»*iro^^«S‘^<a'^^^^^mu>»ni/)inininininiovovovovovovDv£)vovDvor'r^ 


C-3 


72550E+00-.31974E+02  .41097E+02-. 99689E+04-. 65091E+06-. 12322E+05-. 15690E+07-. 13353E+05-. 33743E+07- .46207E+01 


oooooooooooooooooooooooooooooooooooooo 

^  +  +  +  +  ^*f  +  ‘^  +  +  +  +  +  +  +  +  +  +  4'4-‘+‘  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
UUUUMMMMMUUMUUMUUWUMMMUUUUUUMUUUUUUUUU 
5fr-c^iHiHvooo4nr)OoroooooiHa>vor*‘*HO\o\o^O'rov£)r-^rHOOcMOOOinmr-o>r^ 
•H<y»cMOonr*ovor^voorMincMfovDi-^ovf^coa»coino>OrHor-c>*vOM)^rH\or^^<^co 
inc>iOfnoorjoof^r^i^oo^O(^OQO^^Ofooomo>a>c>4inrooocNcoo%o>invov£>o^oo 
ooo^-*o^‘fMCMCDa'lnr'^r^ooooa^^noovDc^oo^HO^^)ooooc^^vD^a)f^c^^^f^^oo 
cMC7^fHn^sot^t^r^r^vDinror-ifHCNroinvDr*^f^r‘r^vo^c>iO>*H(N^insDvDvo\oin^(N 


II  I  I  I  I  I  I  1  I  I  I  I  1  I 

i^i^vOsor^r^r^r^r*^r*'r^f*^r*»r*^f^'i.ovoc*^r*^r**r^r^r^r^r^r^r^r^r^vOvor**r^r*^r^r^r^r^ 

oooooooooooooooooooooooooooooooooooooo 

’f  +  +  +  «l*-f  +  +  +  +  +  +  +  +  +  +  *f  +  +  +  +  +  +  +  +  4-«f  +  +  +  +  +  +  +  +  +  +  + 

HHUHUCdHUUUUMUUUUUM&lUUUUUUUUUUUUUUUUUUU 
ooo'oo»-irtoor'^inair'r'voin5ra>o»<»»fMr'000»orooa>(ricMvooin<-i^OrHincMO' 
c<ioo<o>o^tNvoinovomr>i(Nr'^invooo»o«Hr'Oor'^coo'Ot-tcNr'0>r'CMOooomt-tfn 
^oooO'Hvo^cMr'vD»HcNCM^5finrno>i^rMff>r~^oinfMinvOi-tO'uiinroooooo<NCN 
^nr'inaio)tX)cMU)voint-(inr'aovonoatr'rM\ooooomf-imaot-t'4'00ovoo^tnvoin 
rvii-tMOOiHr>irn^^^^^n{N»Hoo<-»rtt-tc\4nrorot»irornfMrHi-tnnrHt-icMCMCM(MCM 


III  I  I  I  I  I  I  I  I  I  I  I  I  I  I 

oooooooooooooooooooooooooooooooooooooo 
+  +  +  +  +  +  +  +  +•  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 

HUHUUUUUUMUUUUUUUMUHUHUUUUUUMUUUUUUUUU 
tH^c>jiHOOff><HfHr'<jxf'i<j'0<*)Omr'oj^«-trHinvomovX)mvOffia»rocNff>oOM>(Nroo 
r^*Or-tvo^cMncNOOvovot-(5tt~omovDor^inif)cMinooooo'uif<4ror'no'fMO'rnt^<D 
\oa>i~vOP't»)<<i'r'0^ajroo'ajo><NCTi^<Nr'OincMOOrio»ooootNoouivD(NcNnoo 
vO^OroinrH»tvoooooi^voroocM^<N»*iooon^ininTtrgoro«»ninrH^CMinoOffi 


I  I  I 

r»<o»o>ovor'r«r~i^r^r'r' 

oooooooooooo 

+  +  +  +  +  +  +  4-  +  +  +  + 
HHMHMMUUUUUU 
a><NvocNntNvor'CNOoo»t 
uiooooi/iOiHin^tnoooc^ 
roinininoroo'U)c>)r'CT>«H 
t-i^r<ia>0'ro»oo'tHfHoa> 
rH\Or4f*100»H*H*HC*irs|<N«H 


I  I  I 

^^ri^^inininmuiinin 

oooooooooooo 
+  +  +  +  +  +  +  +  +  +  +  + 
UUUUHUHHHHUU 
^OOr'<NO^^f'OOfnr^o^ 
OCN^'OOinHfoo'twin 
eNr'ooooo’9‘n^'OO^o 
criOooHcrtOfoinv£)r-«)ui 
OOinO»e»lVO^«H<HtHr-lrHt-< 


I  I  I  I  I  I  I  I  I 

ooooooooooooo 
+  +  +  +  +  +  +  +  +  +  +  +  + 

UUUCdUCdblUUUHUU 
o>mroo»uii^a>vo^f'jt-(a>^ 
r^r^o^kOvooomroOffiCD^ 
<*)t^r'CN>-iooovDrorHoovom 
vO(Nino<Ni-t«-if4inr't~i~o 
•HrHOO^VOma>»4iHi-trHi-<rH 


I  I  I  I  I  I  I  I  I 

uiin^^rj^^^ininininui 

ooooooooooooo 
+  +  +  +  +  +  +  +  +  +  +  +  + 

UUHUUUHMUHUUU 
^n^O<NvO<OfMr«irHOt>jr) 
vorninrHfMOvoo'^foinoiai 
ooofO'00o«HrHno^ocoa> 
c4Or~<-ia3O(N0»cMn»S‘ncM 


I  I  I  I  I 

t^i^ovOvDvOkOvDOr't^r^r' 
OOOOOOOOOOOOO 
+  +  +  +  +  +  +  +  +  +  +  +  + 

UUUUHUUUUUUUU 
^rHl/)^rHVOtMrnvDt~(NOO<D 
iiivo^nu)^inoooa>r4  00ro 
inooinr~fMa>>HffiO>HO»Hp' 
TtrHVCi-tvDt^ffimr'r-ICNOIt-t 
i-trHOOlDrHrH^fr'OlrHr-tr-lrH 


I  I  I  I  I 

ooooooooooooo 
+  +  +  +  +  +  +  +  +  +  +  +  + 

UUUUUHUUUUUUU 
OineooiO^tNr-tr'r^vOrHOO 
^om^DCMr~(^0•-t^n^^cMvo 
^i-lffivOr'OvOvOCNO'^t^t-i 
fHror'Or4^ooff>vot'-^incM 


III  III 

vO<X>mvOvOvOU)vOvOvO^£vO^OvOvOOmtCO 

ooooooooooooooooooo 

+  4'  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 
UMHHUUMUUUUHUUUUUUH 
roc>iin««»inina»vor'«Hr'CNoa>ooovOr4 
cNO><-4or4cs’<)'OvO(Nr'^inor'0>o\cor4 
rHr'<N^a>(NroinrHOOino>oinvot^t-tiH 
r'vo<Nvovouio«Hajor'0<r'ninvointHoo 
^(NinrHninr^oofloooor'voinntHcNCNro 


I  I  I  I  I  I  I  I  I  I  I 

vovovovou>vovovovoix)inmvovovovoo>0vo 
ooooooooooooooooooo 
+  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  + 

UUUUUUUUUUUUUUUUUMU 

0>-ti/i<NOorot'OOvoi/)ina>oot~inr'vo® 

®o<n(NniorocNai^'3'^ro^cN^roin® 

r4roo^romoo'in<-tt^^o<--iovoa>o« 

®vor'r~r'vovo^mcNvor'CNrn^^^m^ 


I  I 

o  o 
+  + 
H  H 
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®  m 
i-t  o 

CM 
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CO  ^  ^ 
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oi  tn  VO  ^ 
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o  o  o 
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u  u  u 
®  m  o> 
^  eo  o 
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®  (TV  CM  o  O 
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Tf  TT 
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+  + 
u  u 
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O  O 
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U  M 
vo  in 
CM  TO 
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O  O 
+  + 
U  M 
O  in 

^  VO 

^  in 


r'^r'CMlnTO^-^^-^^^^^^-^l-^^-^TOlncM^^^>1lnTO(T>•Hf^.-^l-^(^l~lnr^^-^I^^o^vor'r'r'^' 


I  I  I 

CMCMtHCMCMCMCMCMCMCMCMCM 
OOOOOOOOOOOO 
+  +  +  +  +  +  +  +  +  +  +  + 
MUHUHHHHUHUH 
cMvor~onf^^cMinovS'‘(r 
inHVOVOrHVOtHVOVO^r^CM 
r'(Tv(Iv(*iroTO^^vOTOOviM 
(TvvOCMOro^^t-linvO^O 
cMdcor-tcMco^intnininin 


I  I  I  I  I  I  I  I  I 

CMCMCMCMvHCMCMCMCMCMCMCMCM 
OOOOOOOOOOOOO 
+  +  +  +  +  +  +  +  +  +  +  +  + 

UUUUUUMUUUUHU 
rnro^CMcnvOlTVCTVvOvOrHri^ 
OvOvO^OOr'vO^vOOvvOroro 
a>^^incM<*)o«-ir-(r~TOTOro 
cMTOCMOvom^mo^vovorn 
TcncM<-(t-«iHcMro^^^^^ 


I  I  I  I  I 

CMCMCMCMrHi-HCMCMCMCMCMCMCM 

ooooooooooooo 
+  +  +  +  +  +  +  +  +  +  +  +  + 

UUUHUUHUUUUMM 
r-tOV(TVt-lrHVO^<-IO<TVOinO 
CMVOvOinovOt^TOriCMCTvCM'S' 
i-tOvoininoTOTO'S’ro'd’O'r' 
TOt-iiMrocMr~CM<Tvin(Tvr-ii-iO 
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